The fluorescent probe has become an important method for the detection of heavy metal ions. In the present work, a new and simple fluorescent probe, Cu-P, for detecting copper ion (Cu 2+ ) was designed and synthesized. The probe has shown high sensitivity and selectivity toward Cu 2+ . The detection limit was 13 nM (based on the 3σ/slope). A significant color change from yellow to pink was observed; thus, the probe Cu-P could serve as a "naked-eye" indicator for Cu 2+ . Furthermore, the proposed probe was used to detect Cu 2+ in real water and soil extract samples, with the result being satisfactory. Therefore, our proposed probe would provide a promising method for the detection of Cu 2+ in the environment.
Introduction
As one of the transition metal ions and the third (after iron and zinc) most abundant essential trace element, Cu 2+ plays an important role in the human body. 1, 2 The correct amount of Cu 2+ is a necessary nutrient for human health, but excessive Cu 2+ can harm the liver and kidney, 3, 4 and cause many neurodegenerative diseases, such as Menke's disease, Alzheimer's disease, Parkinson's disease, and Wilson diseases. [5] [6] [7] [8] Meanwhile, when the concentration of copper ion is high, it is also a toxic environmental pollutant that is harmful to both animals and plants. Especially, copper ion pollution in water and the soil system is more serious due to being widely applied in the electrical and electronic industry. 9, 10 The limit of copper in drinking water was considered to be 20 μM, which was set by the U.S. Environmental Protection Agency (EPA). 11 Therefore, it is significant to develop a highly selective and excellently sensitive method for the detection of copper ions.
Recently, among the methods for detecting transition metal ions, such as atomic absorption spectroscopy, electrochemical analysis, optical probes and inductively coupled plasma mass spectrometry, [12] [13] [14] [15] [16] fluorescent probes, especially colorimetric fluorescent probes, have attracted considerable interest due to their simple sample preparation, high selectivity and sensitivity, easy synthesis, and quick response. [17] [18] [19] Because of the great influence of copper ions on organisms and the environment, much effort has been devoted to developing sensitive and selective colorimetric fluorescent probes for the detection of copper ions. [20] [21] [22] It is known that many fluorescent probes have been reported in recent years. However, some of them still have many shortcomings, such as bad water solubility, low sensitivity, poor selectivity, color/fluorescence quenching and synthetic difficulties. [23] [24] [25] Therefore, it is also a great challenge to design and synthesize a new probe with good water solubility and a low detection limit for Cu 2+ . In this work, we developed a colorimetric and sensitive fluorescent probe, Cu-P, for detecting Cu
2+
. The 2-dicyanomethylene-3-cyano-4,5,5-trimethyl-2,5-dihydrofuran (TCF) platform was chosen as the fluorophore (Cu-P), which possessed a strong internal charge transfer (ICT) structure, since it consists of a strong electron-withdrawing group TCF, 26, 27 and the picolinate moiety was selected as the recognition receptor (Scheme 1). This proposed fluorescent probe, Cu-P, can serve as a "nakedeye" probe for Cu 2+ , and the color of the solution changes from yellow to pink with the addition of Cu 2+ . Furthermore, the fluorescent probe Cu-P shows excellent water solubility (complete aqueous solution). The above advantages provide great practicality for detecting Cu 2+ in real samples.
Experimental

Materials and general methods
All of the chemicals were obtained from commercial suppliers and used without further purification. The Sartorious Arium 611DI system can produce ultrapure water that was used in the whole experiment. Column chromatography using Silica-gel 200 -300 mesh from the Qingdao Haiyang Chemical Co was used to purify the reaction product. The chemical shifts of 1 H NMR and 13 C NMR, which were reported to be ppm (in DMSOd6, TMS as internal standard), were taken on a Bruker AV-400 spectrometer. Fluorescence spectra and absorption spectra were, respectively, obtained from a Horiba FluoroMax-4 and a UV-3101PC spectrophotometer.
General procedure for analysis
Ultrapure water was used to prepare parent stock solutions (10 mM) of Cu 2+ and other metal ions. The parent stock solutions of probe Cu-P (1 mM) were prepared in ethanol. The test solution contained 50 μL of the probe stock solution and a moderate amount of each stock solution, and was eventually diluted to 10 mL in a test tube with 100% ultrapure water containing HEPES (5 mM, pH 7.4). All of the tests were conducted at room temperature (25 C).
Analytical application
Three water samples and two soil extract samples were chosen to test the analytical application of the probe Cu-P. One water sample was collected from Jia Zi Lake, University of Jinan, China, and the other two water samples were collected from the Xiu Jiang River, at Jinan, China. The two soil extract samples were all obtained from Jinan, China. All of the samples needed to be filtered through filter paper before any measurement. Cu
2+
was not detected in the samples at first. Then, 1, 3, 5, 7, 10 μM Cu 2+ were, respectively, added to the above-mentioned samples, and every sample was tested three times.
Determination of the detection limit
The detection limit was calculated by the method of fluorescence titration, which was referred to in a previous paper. 28 In order to achieve the standard deviation of blank measurement, the fluorescence emission spectrum of probe Cu-P was measured five times. Also, the fluorescence intensity at 602 nm was plotted as the concentration of Cu 2+ to obtain the slope. Therefore, the formula for calculating the detection limit is as follows:
where σ is the standard deviation of a blank measurement, and k is the slope between the Cu 2+ concentration versus the fluorescence intensity.
Synthesis of 1
3-Hydroxy-3-methyl-2-butanone (3.2006 g, 31.37 mol) was dissolved in 20 mL of pyridine. Then, malononitrile (4.1005 g, 62.12 mol) and 2 -3 drops of acetic acid were added to the mixed solution. The reaction was stirred in an oil bath at 25 C for 24 h. When the reaction was completed, the reaction product joined into 200 mL of ice ultra-pure water, drop by drop, and then the solids were precipitated. After mixing evenly, the mixture was filtered to obtain a filter cake. The filter cake was dissolved in 50 mL of dichloromethane. A few of anhydrous sodium sulfate were added to the solution, and mixed well. Then, the solution was poured to a bottle, and we then acquired a pure product of 1 through steaming.
Synthesis of 2
2-Picolinic acid (1.0008 g, 8.13 mol) and 4-hydroxybenzaldehyde (500.4 mg, 4.10 mol) were dissolved in 15 mL of dichloromethane. Then, DMAP (400.2 mg, 3.28 mol) and DCC (800.3 mg, 3.89 mol) were added to the above solution, and stirred for about 5 h at room temperature. After the reaction was completed, the reaction product was purified by silica column chromatography to obtain a pure product of 2.
Synthesis of probe Cu-P
Compound 2 (290.1 mg, 1.27 mol) was dissolved in 15 mL of absolute alcohol. Then, compound 1 (250.2 mg, 1.27 mol) and a piece of piperazine were added to the solution. The reaction bottle needed to be wrapped in aluminum foil and stirred for 12 h at room temperature. Finally, the pure probe Cu-P was obtained by silica column chromatography. 
Results and Discussion
Characteristic spectra
The absorption and fluorescence spectra of Cu-P in the absence and presence of Cu 2+ are shown in Fig. 1 . The probe solution without Cu 2+ exhibited one major absorption peak at 409 nm (Fig. 1a) . With the addition of Cu 2+ to the probe solution, it resulted in two new absorption bands at 449 and 570 nm (Fig. 1a) , and the color of the solution changed from yellow to pink (Fig. 1a, inset) . Thus, the probe Cu-P could detect Cu 2+ by the naked-eye, which is superior to other analytical techniques.
As expected, Cu-P had a weak fluorescence peak at 602 nm upon excitation at 560 nm. Also, a considerable fluorescent enhancement was observed at 602 nm (Fig. 1b) when the Cu 2+ was added to the solution.
Reaction time on sensing Cu
2+
As an important element to the probe, the reaction time of the probe Cu-P with Cu 2+ at 25 C was investigated. As shown in Fig. 2 , the fluorescence intensity at 602 nm increased as soon as Cu 2+ was added, and maintained invariability when the reaction time exceeded 20 min. The result showed that the probe Cu-P exhibited a quicker response to Cu 2+ than the reported fluorescent probes, 29, 30 and the probe Cu-P could provide a rapid analytical method for detecting Cu 2+ . Scheme 1 Synthesis of probe Cu-P.
Quantification of Cu 2+
With the continuous addition of Cu 2+ to the solution of Cu-P, a gradual increase in the fluorescence could be observed at 602 nm (Fig. 3) . There was a good linearity (y = 47718x + 44669, R 2 = 0.9907) between the Cu 2+ concentrations of 0 -4 μM and the fluorescence intensity, and the detection limit was 13 nM (3σ/slope). The above results demonstrated that the probe Cu-P could detect Cu 2+ quantitatively by the fluorescence spectrometry method with excellent sensitivity (Table 1) .
Selectivity to Cu
2+
High selectivity is also an important factor for an excellent probe. The selectivity of Cu-P toward Cu 2+ was evaluated under the above-mentioned conditions. The Cu 2+ resulted in a considerable fluorescence enhancement (Fig. 4) . The results exhibited that Cu-P possesses high selectivity toward Cu 2+ . In other words, because the picolinate moiety is a good receptor for the detection of Cu 2+ , the Cu-P can provide more accurate detection results in real samples. 
Analytical application
We tried to use the probe Cu-P to detect Cu 2+ in real water and soil extract samples under the same above conditions. The results are given in Table 2 . The recoveries of Cu 2+ in analytical samples containing 1, 3, 5, 7, 10 μM Cu 2+ were 90.02 -109.98% and the RSD was lower. Therefore, we obtained a good method for detecting Cu 2+ in the environment.
Mechanism of probe Cu-P in sensing mercury species
The reaction products of probe Cu-P and Cu 2+ were subjected to electrospray ionization mass spectral analysis in order to fully explore the sensing mechanism of the probe Cu-P for Cu 2+ . With the addition of Cu 2+ , the peak of probe Cu-P (m/z 409.1 [M+H] + ) disappeared, while a new peak emerged at m/z 302.1
-, which represented the formation of the fluorophore Cu-P. Therefore, we propose that the fluorescence turn-on reaction process most likely undergoes the mechanism proposed in Scheme 2.
Conclusion
In conclusion, a new colorimetric fluorescent probe Cu-P for Cu 2+ has been developed based on the picolinate moiety. The probe Cu-P has excellent water solubility and sensitivity, high selectivity, and a low detection limit of 13 nM (based on the 3σ/slope) for Cu 2+ . Also, the probe Cu-P could serve as a "naked-eye" detection toward Cu
2+
. More importantly, the response of the probe Cu-P to Cu 2+ in real water and soil extract samples was also satisfactory. Thus, the probe Cu-P can provide an excellent method to detect Cu 2+ in the environment. All of these remarkable advantages of this new probe suggest that the probe Cu-P will have potential application prospects in the detection of copper ion. a. Sample A, lake water from Jia Zi Lake, University of Jinan; samples B and C, from Xiu Jiang River, at Jinan, China; samples D and E, from Jinan, China.
Scheme 2 Reaction mechanism of probe Cu-P for Cu 2+ .
